Occupational and environmental exposures to airborne asbestos and silica are associated with the development of lung fibrosis in the forms of asbestosis and silicosis, respectively. However, both diseases display distinct pathologic presentations, likely associated with differences in gene expression induced by different mineral structures, composition and bio-persistent properties. We hypothesized that effects of mineral exposure in the airway epithelium may dictate deviating molecular events that may explain the different pathologies of asbestosis versus silicosis. Using robust gene expression-profiling in conjunction with in-depth pathway analysis, we assessed early (24 h) alterations in gene expression associated with crocidolite asbestos or cristobalite silica exposures in primary human bronchial epithelial cells (NHBEs). Observations were confirmed in an immortalized line (BEAS-2B) by QRT-PCR and protein assays. Utilization of overall gene expression, unsupervised hierarchical cluster analysis and integrated pathway analysis revealed gene alterations that were common to both minerals or unique to either mineral. Our findings reveal that both minerals had potent effects on genes governing cell adhesion/migration, inflammation, and cellular stress, key features of fibrosis. Asbestos exposure was most specifically associated with aberrant cell proliferation and carcinogenesis, whereas silica exposure was highly associated with additional inflammatory responses, as well as pattern recognition, and fibrogenesis. These findings illustrate the use of gene-profiling as a means to determine early molecular events that may dictate pathological processes induced by exogenous cellular insults. In addition, it is a useful approach for predicting the pathogenicity of potentially harmful materials.
crocidolite, amosite, tremolite, actinolite, anthophyllite). Inhalation of asbestos causes major changes in parenchymal architecture, including diffuse interstitial collagen deposition and accumulation of dense connective tissue at specific loci (1) (2) (3) . In addition, amphibole asbestos causes pleural fibrosis, and results in lung cancer and malignant mesotheliomas (3) . The three naturally occurring polymorphs of crystalline silica of health concern are quartz, cristobalite and tridymite (2) . Unlike asbestosis, silicosis is associated with the formation of concentric 'whorled' nodules of collagen-rich, dense fibrotic tissue and a prominent granulomatous response (1, 3) . Occupational exposures to silica, especially in smokers, have been associated with increased risks of lung cancer, but not mesotheliomas, in some cohorts, although this is a topic of debate (4) (5) (6) (7) .
Impingement of high concentrations of both fibers and particles on alveolar macrophages and epithelial cells lining the upper and lower respiratory tract is characterized by cell damage associated with the production of oxidants, a persistent inflammatory response, the generation of profibrotic mediators and scarring (8) . Although exposure to each type of mineral can give rise to interstitial fibrosis, physicochemical differences between crystalline silica particles and asbestos fibers may lead to distinctive gene expression patterns resulting in the dissimilar pathological characteristics of silicosis and asbestosis. The role of the lung epithelium has until recently been viewed as a passive, physical barrier against inhaled particulates and other toxicants. However, studies show that lung epithelial cells play an active role in particulate uptake (9, 10) , immune cell recruitment (3), proliferation of epithelial and other cell types (11) , and matrix remodeling (12) . Since epithelial cells are target cells of lung carcinomas and contribute to the development of pulmonary fibrosis, understanding the molecular responses of human lung epithelial cells to pathogenic minerals is critical to unraveling the complex molecular events that initiate inflammatory responses, consequent fibrogenesis and other mechanisms intrinsic to these diseases. In this study, we therefore compared gene alterations induced by exposure to equitoxic doses of crocidolite asbestos and cristobalite silica in an isolate of normal human bronchial epithelial cells (NHBEs) (9) . By gene-profiling, we furthermore explored expression signatures and their biological interactions. Selected common as well as mineral-specific gene alterations were confirmed in an immortalized bronchial epithelial cell line (BEAS-2B) by QRT-PCR. Additionally, further confirmation of selected findings at the protein level was obtained using various techniques. To our knowledge, these studies are the first to explore comparative gene expression-profiling in human airway epithelial cells using equitoxic doses of pathogenic minerals, i.e. an amphibole asbestos and a crystalline silica.
Results

Effects of mineral exposure on NHBE and BEAS-2B cell viability
We initially compared the effects of crocidolite asbestos and cristobalite silica on cell viability using surface area-based dosimetry, as the biological activity of these particulates is derived largely from their surface reactivity (13) . Based on data from these experiments, a concentration of 15 Fig. S1 ). The viability of BEAS-2B cells exposed to minerals for 24 h was determined similarly (Supplementary Material, Fig. S2 ). As cells from the immortalized cell line were more resistant to equal surface area-based doses when compared with primary cell cultures, mineral concentrations of 75 and 150 × 10 6 µm 2 /cm 2 dish were used for gene expression studies in BEAS-2B cells (9, 14) .
Strategies to detect gene expression alterations by minerals
Using equitoxic doses noted above, gene expression was assessed by Affymetrix GeneChip arrays analyzed with GeneSifter ® and Bioconductor. An exposure period of 24 h was used as this is the time point for maximal gene expression changes by a number of pathogenic fibers and particles (9, 10, 15, 16) . In our previous studies, non-pathogenic glass beads and fine TiO 2 did not induce any significant numbers of gene changes compared with unexposed cells (saline/vehicle control) (10, 17) , which were therefore used as controls here. First, to visualize the gene-sample relationship, an unsupervised average-linkage hierarchical clustering was applied to the 50 probe-sets with the highest variation across the 12 samples. This analysis clearly identified distinct clusters related to different minerals and doses (Fig. 1A) . Table S6 ). These gene changes were analyzed to determine signaling pathways, biological and disease functions associated with mineral exposures. The top 10 canonical pathways and genes associated with these pathways were used to construct schematic representations of the major signaling events affected commonly or specifically by asbestos or silica (Figs 2, 5 and 7; Tables 2-4) . Fig. S3 ). These findings were also confirmed in BEAS-2B cells ( Fig. 3A-C) . Common up-regulation of the earlyresponse gene, JUN, that encodes a member of the AP-1 transcription factor complex ( Fig. 3D) , and is known to have a pivotal role in asbestos-and silica-induced disease processes (18) (19) (20) , was confirmed in BEAS-2B cells. In addition, up-regulation of a number of novel genes by both asbestos and silica exposure was confirmed in BEAS-2B cells including the transcriptional regulators EGR1 and TNFAIP3 ( Fig. 3E and F) , the inflammatory receptor IL1RL1 (Fig. 3G) , the apoptosis inducer IL24 (Fig. 3H ) and the cell stress response protein HSPA6 (Fig. 3I) . Additionally, some common changes observed at the mRNA level were investigated at the protein level in BEAS-2B cells (Fig. 4) . In addition to the increased mRNA levels of CASP1 observed for both minerals in NHBE cells (Fig. 2) , the enzymatic activity levels of this effector molecule of the NLRP3 inflammasome were found to be increased in BEAS-2B exposed to asbestos and silica for 24 h (Fig. 4A) . Furthermore, we confirm that asbestos and silica both cause secretion of IL-8 ( Fig. 4B) , although comparing equal surface-area-based doses, asbestos induced higher levels of secreted IL-8 which is in agreement with our mRNA data (Fig. 3A) . Moreover, both fibers and particles caused a marked increase in the protein expression of CLDN1 (Fig. 4C) , a tight junction protein important in supporting the epithelium as a physical barrier and in regulating the inflammatory response (21, 22) .
Asbestos-specific responses
Genes selectively altered in expression after exposure to crocidolite asbestos (15 × 10 6 μm 2 /cm 2 ) were grouped in a unique set of pathways which are listed in Table 3 and represented in Figure 5 . This collection of experimentally confirmed relationships is associated with biological functions related to tissue damage (IL1RN) and iron homeostasis (TFRC) as well as small molecule biochemistry and cellular detoxification mechanisms (S100A12, CYP2C18 and SULT family members). Further downstream, asbestos-specific biological responses were linked to tumor morphology (MGEA5, CRNN, PLCG and TGMs) and cancer (CEACAM1, SEMA3A) as well as proliferation (FST, NCF1) and cell survival (ABCC10, RBCK1). A selection of these findings was also investigated in the BEAS-2B epithelial cell line by QRT-PCR to confirm microarraybased findings in primary cells. Crocidolite-specific induction of SEMA3A expression was confirmed, and interestingly, silica exposure conversely decreased SEMA3A mRNA levels (Fig. 6A) . In addition to the confirming of crocidolite-specific reduction in TFRC expression, we found that cristobalite silica also had an inverse effect on TFRC mRNA levels in BEAS-2B cells (Fig. 6B) . Furthermore, exposure to asbestos, but not silica, caused a marked decrease (50%) in TFRC protein levels in BEAS-2B cells at 48 h post-exposure. Silica-induced increases in TFRC mRNA levels (24 h) were however not reflected at the protein level at 24 and 48 h, which were not significantly affected compared with controls ( Fig. 6C and data not shown). . In addition, we show that silica selectively induced bFGF (FGF2) secretion from bronchial epithelial cells exposed for 24 h (Fig. 8E) .
Silica-specific responses
Discussion
Our studies demonstrate that robust gene-profiling was able to distinguish different mineral exposures based on global gene expression, as unsupervised average-linkage hierarchical cluster analysis accurately delineated samples based on both mineral exposure, and in the case of silica, the concentration used. Our studies also demonstrate unique features of crocidolite asbestos and cristobalite silica in patterns of toxicity and gene expression alterations. At equal doses (15 × 10 6 μm 2 /cm 2 ), silica had minimal effects on gene expression, whereas the number of changes caused by asbestos was dramatically higher. However, at higher doses (75 × 10 6 μm 2 /cm 2 ), silica induced markedly more gene alterations, mimicking dose-response effects observed in inhalation and intratracheal instillation studies (23, 24) . Our data reveal gene changes that likely contribute to the mutual pathogenicity as well as divergent characteristics that may drive the increased carcinogenicity of amphibole asbestos and individual patterns of fibrogenicity. Both minerals altered mRNA levels of various membrane receptors, intracellular signaling molecules, transcriptional regulators and downstream effector molecules some linked to signaling pathways and biological functions that promote the development of mineral exposure-associated disease (3, 25) . In addition to identifying new genes that may be involved in asbestos and/or silica pathogenicity, our results confirm the highly active role of the epithelium as an initial player in these processes.
Common responses
Pathway analysis of genes altered by both minerals revealed that the canonical pathways most highly enriched represented Total numbers of probe-sets and total numbers of genes significantly altered by each mineral and dose compared with unexposed controls. A threshold cut-off of 1.5-fold versus controls with an adj. P-value < 0.05 was used.
disease mechanisms highly characteristic of the development of both pneumoconioses. These included not only genes well known to be associated with asbestos and silica-disease processes, but also revealed a number of novel genes intrinsic to complex signaling mechanisms that may contribute to disease. Common changes were observed in expression levels of documented membrane receptors associated with proteolysis (PLAUR) and the proinflammatory anaphylatoxin receptor (C5AR) as well as its ligand (C5) which has been shown to be activated by both minerals (26, 27) . Our data also revealed novel genes, associated with propagation of inflammation (IL6R, IL1RL1) and recognition of foreign materials (TLR2). The IL-33 receptor, IL1RL1 (also known as ST2), was up-regulated by both minerals and IL-33 signaling is a driving force in the development of asthma and allergic airways disease (28, 29) . The lung epithelium is a major source of IL-33 in response to lung injury, propagating signaling to other effector cells (e.g. T H 2, mast cells, dendritic cells), which may be a feed-forward mechanism. Both AP-1 and NFκB have been well established as key transcriptional regulators that drive inflammatory and fibrogenic disease (3, 30, 31) . Moreover, both minerals induced increased levels of EGR1, which is induced by silica in type II alveolar epithelial cells (32) and is associated with epithelial apoptosis, protease expression and lung fibrosis (33, 34) . Imbalance of proteolysis and ECM dissolution are key mechanisms in the development of fibrosis (35, 36) , by dysregulation of key players such as various MMPs and protease inhibitors. Our study links both asbestos and silica exposure to increased expression of MMP1 in lung epithelial cells, which is also increased in human idiopathic pulmonary fibrosis (IPF) (37) and may contribute to further collagen breakdown, activation of cytokines and promotion of cell migration and proliferation. Increased expression of adherens and junction proteins upon injury to the epithelium is part of the restoration process of the physical barrier. For instance, CLDN1, which is increased in expression after exposure to asbestos and silica here, is also increased in the regenerative epithelium of human IPF and asbestosis lung tissues (21) . CLDN1 also has a functional role in regulation of pro-fibrotic processes such as epithelial-mesenchymal-transition (EMT) and pro-inflammatory response (22, 38) . During this response to injury, expression of molecules such as ICAM1 and CYR61 promotes neutrophil extravasation and migration into the airways. This further perpetuates the potent inflammatory response, which is driven by various mediators including; acute phase proteins, cytokines and chemokines, which propagates the deregulated cycles of inflammation and injury seen in asbestosis and silicosis.
Activation of the intracellular danger sensing protein complex, the NLRP3 inflammasome, is a crucial step in propagation of the inflammatory response caused by exposure to occupational dusts (e.g. asbestos and silica) (39, 40) as well as nanomaterials (e.g. carbon nanotubes) (41) . Originally thought to be restricted to myeloid cells, activation has been demonstrated recently Table S4. in epithelial (14, 42, 43) and mesothelial cells (44, 45) . Additionally, certain polymorphisms in the NLRP3 gene may be associated with IL-1β production and severe inflammation which may suggest a genetic predisposition for common inflammatory disorders (46) (47) (48) . IL-8, a potent neutrophil chemotactic factor, is a driving force in mineral-induced inflammation, and is shown to be elevated in asbestos (49) and silica-exposed subjects (50) . Our data also reveal novel inflammatory molecules increased by both asbestos and silica exposures, including IL36G, IL36RN, IL32 and SAA2. Interestingly, IL-1 family members, IL36G (IL-36γ) and IL36RN (51), are highly expressed in the bronchial epithelium (52) . IL-36γ is induced by toll-like receptor (TLR) ligands and T H 17 cytokines and may promote neutrophilic airway inflammation (53) . In conjunction with increased IL-36γ and IL-36Ra, our previous studies show increased expression of their receptors (IL1RL2 and IL1RAP) by crystalline but not amorphous, non-pathogenic silica (14) . These seminal data suggest a prominent and uninvestigated role of IL-36 signaling in mineral exposure-induced inflammation.
Our data in concert suggest a scenario that may be common to pathogenic silicates. Owing to massive inflammation and tissue damage caused by exposures to fibrogenic agents, there is a consequent fibrotic response initiated in the epithelium in an attempt to repair damaged areas of the lung. For instance, both minerals increased expression of the profibrotic molecule IL13RA2, which has been shown to promote IL-13-driven induction of TGFβ in experimental fibrosis (54) . Conversely, mineral exposures increased expression of the anti-fibrotic chemokine, CXCL10, which has been shown to alleviate fibrosis in bleomycin-induced experimental lung injury (55) . This suggests a balance between anti-fibrotic and pro-fibrotic molecules that may be disrupted in susceptible individuals or at high overload concentrations of minerals. Cell proliferation in response to lung injury stimulates many biological activities and effector cell types including inflammatory cells and fibroblasts, but may also be compensatory in replenishing epithelial cells after injury and death of surrounding cells. The axis balancing cell death and proliferation is often disrupted in chronic disease, as regulation of apoptosis is key to controlling cell turnover of damaged cells. Genes associated with the regulation of apoptosis that were altered by both minerals include the anti-apoptotic molecule, BIRC3, which can be induced by TNFα-dependent mechanisms (56) , and pro-apoptotic IL24, which is shown to drive apoptosis in various types of cancer cells by inhibition of survival and proliferation signaling and impedes lung cancer cell migration (57, 58) . In conjunction with exogenous stress, cell death can lead to the excessive release of damaging cellular contents, including oxidants, proteases and danger molecules, which further propagate cellular stress responses in surrounding tissue. A plethora of heat shock proteins are induced by both minerals, as well as the antioxidant, SOD2. SOD2 has been shown to play a pivotal role in mineral-induced disease development (59) . Serum levels of SOD2 are elevated in silicotic patients (60) and polymorphisms in this gene are associated with increased asbestosis susceptibility (61) .
Asbestos-specific responses
Many of the genes uniquely affected by crocidolite asbestos have not been described in lung epithelial cells previously, but may have key roles in lung injury and processes leading to carcinogenesis as indicated in Figure 5 . Since we and others have linked asbestos exposures to cellular plasticity and cancer (62) (63) (64) , it is not surprising that many genes affected by asbestos as opposed to silica are involved in processes related to cancer development. For example, ESPL1 (Separase) acts as an oncogene when overexpressed and plays an important role in the development of aneuploidy and tumorigenesis (65) . ELF5 expression appears to be increased significantly in mouse mammary tumors relative to normal tissue (66) . Previously, the up-regulation of SEMA3A has been linked to a feedback loop modulating growth-promoting signaling in mesothelial cells (67) and influencing apoptosis and proliferation in multiple cell types. SEMA3A is also essential for structural and functional abnormalities in tumor vascularization (68) and its induction by asbestos in NHBE and BEAS-2B cells is in line with our recent report on its up-regulation in human mesothelial cells exposed to crocidolite asbestos (69). We were also able to detect elevated CEACAM1 mRNA expression by asbestos. Recently, this gene was linked to the creation of a proangiogenic tumor microenvironment that supports tumor vessel maturation (70) . Exposure to foreign toxicants, like asbestos or other xenobiotic chemicals (e.g. those found in cigarette smoke), activates cellular detoxification mechanisms. For instance, sulfation is an important reaction in detoxification of xenobiotics, and sulfotransferases such as SULT1B1 enzymatically affect the bioactivation of pro-carcinogens to reactive electrophiles (71) . In addition to sulfotransferases, asbestos induced increased mRNA levels of CYP2C18, a member of the cytochrome P450 family of detoxification enzymes. Together these data suggest that asbestos may activate and potentially disrupt xenobiotic detoxification mechanisms, which is suggested to contribute to asbestos-induced carcinogenic effects (72) . In the group of molecules involved in tumor morphology and remodeling, we observed increased expression levels of various enzymes, including transglutaminases (TGM3, and TGM5). Rigid amphibole fibers can penetrate and severely disrupt the cell membrane during or after uptake by cells. Up-regulation of transglutaminases, which are involved in protein cross-linking in molecular scaffolds and wound repair (73) , may be part of a repair mechanism in an attempt to restore the compromised cell membrane.
The activin inhibitor FST has been shown to ameliorate inflammation and fibro-proliferative responses in a bleomycin model of pulmonary fibrosis in rats (74, 75) . It is possible that the up-regulation of FST, as observed here in the proliferation pathway in response to asbestos, is part of an endogenous defense mechanism of bronchial epithelial cells.
For amphibole asbestos, the surface chemistry, particularly bioavailable iron, is key in driving oxidant production and inflammation (76, 77) . Iron is mobilized and promotes oxidant production in lung epithelial cells exposed to crocidolite asbestos. Additionally, endogenous iron coats asbestos fibers in the lung, i.e. ferruginous bodies, one of the hallmarks of asbestosis (78, 79) . Iron sequestration is controlled by a number of molecules, including transferrin and the transferrin receptor (80) . Our data indicate significant decreases in mRNA and protein levels of TFRC in human lung epithelial cells exposed to crocidolite asbestos. Crocidolite exposure causes intracellular sequestration of non-transferrin bound iron, potentially via the divalent metal ion transporter-1 (DMT1) (81) . Accumulation of such intracellular iron stores likely leads to the down-regulation of TFRC, which, in turn, may increase the amount of extracellular iron. Bronchoalveolar lavage (BAL) fluids from asbestos-exposed subjects have higher levels of transferrin compared with unexposed subjects (82) . Therefore, inhalation of asbestos can lead to severe disruption of normal iron homeostasis in the lungs, which may be a potential marker for exposure and/or disease development.
Silica-specific responses
The presence of massive inflammation is a driving force in the development and progression of silicosis. Our data show a robust inflammatory response to high-dose silica exposure with specifically increased expression of many potent inflammatory mediators. Silica induced, for instance, IL1A, IL1B, colony stimulating factors, CSF1, CSF2, as well as (C-X-C) and (C-C) motif chemokines. Interestingly, silica induced increased expression of TNFSF9 (CD137L/4-1BB) as well as its receptor TNFRSF9. TNFSF9 signaling is a key factor in the development of immune responses in T-cells, NK cells, macrophages and dendritic cells, and is also expressed in non-immune cells. Crosstalk between epithelial cells and inflammatory cells via TNFSF9-signaling drives neutrophil recruitment (83) which contributes to silica-induced inflammation. In keeping with these findings, there was also an evident interferon response. Type I interferon responses have been shown to play a role in silica-induced chronic inflammation (84) ; however, the mechanism by which they contribute to silica-induced inflammation is not well understood. In line with progressive inflammation, and interferon response, silica exposure was associated with pattern-recognition signaling pathways, with altered expression In addition, silica caused increases in antiviral-response proteins (OAS), and antigen-presentation molecules (CD83, HLADQB1). Silica also caused increased expression of the multifunctional pattern recognition molecule, PTX3 (85) which has been implicated in epithelial cell survival in co-culture models of silica exposure (86) . In response to silica particles, expression levels of a number of cell membrane receptors that mediate PAMP recognition, cell death and proinflammatory response were specifically altered. Silica exposure is associated with development of autoimmunity, where increased serum levels of (soluble) sIL2R are a marker of early immunological dysfunction in silica-exposed subjects (87) . This correlates with our data, which reveal increased levels of IL2RG (i.e. the common gamma chain) mRNA. Furthermore, TNFα and the TNFR signaling pathway are crucial mediators in the development of silica-induced fibrosis (88), and soluble TNFR1 and soluble TNFR2 are increased in subjects exposed to silica (89) . In conjunction with the up-regulated expression of a number of the TNF-receptor superfamily members, data reveal up-regulation of the adaptor protein TRAF1, which is crucial in dictating TNF-signaling via cascades including MAPK and NFκB. Canonical NFκB signaling is well known to drive silica-induced inflammation and fibrosis (90, 91) . However, our data are the first to reveal modulation of non-canonical (alternative) NFκB signaling, by up-regulation of NFKB2 ( p52/p100) and RELB. Alternative NFκB signaling and auto-regulation are shown to modulate lung inflammation (92, 93) and cross-talk between canonical and non-canonical NFκB regulates inflammatory responses in epithelial cells as well as airway inflammation and fibrosis in experimental models of allergic airways disease (94, 95) .
Owing to initial injury and the inability to clear silica particles, followed by cycles of inflammation that precede and continue during the development of silicosis. Exposure to silica promotes the production of various fibrogenic mediators, proteases, and proliferation and recruitment of fibroblasts in attempt to repair the damaged lung. Our data reveal silicaspecific alteration of various fibrogenic mediators (e.g. VEGF, CTGF, FBRS, FGF2) and downstream signaling molecules associated with the fibrogenesis pathway. In particular, silica specifically induced mRNA levels and secretion of FGF2/bFGF. This potent fibrogenic factor (and others associated), which is induced by silica in lung epithelial cells (9, 86) and potentially linked indirectly to fibroblast proliferation (14) , may have a crucial impact on the intense fibrogenicity of silica. Furthermore, although WNT signaling is linked with aberrant proliferation and the development of fibrosis (96,97), it has not been associated with silica or silicosis yet. Interestingly we observed down-regulation of the WNT-signaling molecules SFRP1, WNT5A and up-regulation of DKK1 in response to silica. These findings suggest potential alteration of WNT signaling. Table S5 .
In summary, our study exemplifies how gene expression studies can predict acute responses of respiratory epithelial cells, the first cell type to encounter asbestos fibers or silica particles after inhalation, and link these events to biofunctional pathways leading to lung disease. Many of these alterations can be linked to biomarkers found in clinical samples of exposed subjects. Overall, our data reveal early alterations in both common gene expression that can be linked to inflammation and fibrosis by both pathogenic minerals and unique changes by silica promoting intense fibrogenicity and by asbestos that may be intrinsic to the development of lung cancers. Our analyses also highlight many novel molecules that can be pursued in functional studies, thus permitting their evaluation as new targets in detection, prevention and therapy of fibroproliferative diseases and cancers.
Materials and Methods
Cell culture
For primary cells, an isolate of normal primary NHBEs was purchased from Lonza, Clonetics ® . NHBE cells were cultured and maintained in BEGM ® with Reagentpack™ subculture reagents as described previously (9) . For experiments with BEAS-2B cells, cells were cultured as recommended by ATCC as described previously (9).
Fiber/particle exposures
Respirable preparations of crocidolite asbestos fibers (NIEHS reference sample) and cristobalite silica particles (C&E Mineral Corp, King of Prussia, PA, USA) were sterilized and diluted to a concentration of 1.0 mg/ml prior to cell exposures at equal surface areas as described previously (9) . Control samples were exposed to an equal volume of Hank's buffered saline solution (HBSS) alone (no-particle/fiber control). The fiber dimension data for this asbestos sample was previously reported (98), and particle characterization of cristobalite silica has previously been published (9, 59) .
RNA isolation
After exposure of cells, the medium was aspirated and total RNA was isolated using an RNeasy Quantitative real-time polymerase chain reaction (QRT-PCR)
For primary NHBE experiments, total RNA (1 μg) was reversetranscribed with random primers using the AMV Reverse Transcriptase kit (Promega, Madison, WI, USA) according to the recommendations of the manufacturer, as described previously (15) . All Taqman ® qRT-PCR was performed using Assays-On-Demand™ primer and probe-sets (IL8, MMP1, BIRC3) used from Applied Biosystems (Foster City, CA, USA) and performed as described previously (15) . For all BEAS-2B experiments QRT-PCR was performed as described previously (99) . All forward and reverse primer sequences are described in Supplemental Material.
Affymetrix microarray gene expression-profiling
Microarray analysis was performed using Affymetrix GeneChip ® Human Genome U133A 2.0 arrays (Affymetrix, Santa Clara, CA, USA). All procedures were performed by the Microarray Analysis Core Facility of the Vermont Genetics Network (VGN) using a standard Affymetrix protocol as described previously (100, 101) . GeneChip ® Human Genome U133A 2.0 arrays (Affymetrix) targeting 18 400 genes were scanned twice (Hewlett-Packard GeneArray Scanner), the images overlaid and the average intensities of each probe cell compiled. Microarray data were analyzed with Bioconductor tools in R with Bioconductor software (http://www.r-project.org/) (102), probe-level analysis was performed on the Affymetrix raw data (.cel files) with the robust multichip average (RMA) method to obtain a log 2 expression value for each gene probe set (103, 104) . Unsupervised average-linkage hierarchical clustering, using Euclidian distance as metric, was performed to the RMA normalized data to visualize gene ( probe set)/sample relationships of the top 50 most variable probe-set (103) .
Genesifter analysis
Following data normalization using the RMA algorithm, the GeneSifter software (VizX Labs, Seattle, WA, USA) was used for supervised hierarchical cluster analysis to identify probe-sets/genes from log 2 -transformed data that significantly changed expression between the different groups (unexposed control, silica 15, asbestos 15 and silica 75; n = 3 per sample group) by pair-wise comparison analysis (t-test), and for the entire experimental group by multiple comparison analysis procedures (ANOVA). The raw P-values were corrected for multiple testing using the Benjamini and Hochberg false discovery rate method (FDR < 95%) or 'adjusted Pvalue' (105). A cut-off limit of 1.5-fold change versus controls (adj. P < 0.05) was used for analysis.
Ingenuity Pathway Analysis
Comparative analysis of pair-wise datasets (asbestos 15 versus controls; and silica 75 versus controls) revealed three groups of observations: (i) probe-sets significantly altered by both (asbestos 15 versus controls) and (silica 75 versus controls), (ii) probe-sets significantly altered by (asbestos 15 versus controls) only and (iii) probe-sets significantly altered by (silica 75 versus controls) only. These data sets were uploaded with gene ID (affymetrix), fold-change value, and adj. P-value in the Ingenuity Pathway Analysis program (IPA, Ingenuity Systems ® , www.ingenuity.
com) for core analysis. Core analysis of each dataset was performed (confidence level: experimentally observed). Genes associated with the top 10 canonical pathways significantly enriched by each comparison, in addition to a selection of genes with evident relevance to the canonical pathways and biological function, were used to construct schematic representations. The significance of the association between the input dataset and the canonical pathways was determined based on two parameters: (i) a ratio of the number of genes from the dataset that overlay to the pathway divided by the total number of genes that map to the canonical pathway and (ii) a P-value calculated determining the probability that the association between the genes in the dataset and the canonical pathway is not due to chance alone. Using the 'connect' tool, experimentally observed, direct and indirect connections were made for based on the Ingenuity Knowledge Base (Ingenuity Systems Inc., Redwood City, CA, USA). For clarity purposes, not all connections are shown, but only those pertinent to the biological scheme.
Immunofluorescence
For immunofluorescent staining of BEAS-2B cells, sterile glass coverslips (VWR 13 mm, Thickness No. 1) were placed in 24-well culture plates and coated with coating medium overnight at 37°C. Cells were seeded, maintained and exposed to minerals as described previously (9) . Following exposure culture medium was aspirated, and cells washed three times with 1× PBS. Cells were then fixed in 4% phosphate-buffered formaldehyde solution, pH 7.0 (Klinipath 4078-9001) for 20 min at RT. Cells were washed three times with PBS and placed in blocking/permeabilization buffer (1.0% BSA, 0.1% Triton X-100 in PBS) for 1 h at RT. Cells were incubated in primary antibody (1:100 dilution) Table S6 .
overnight at 4°C. Cells were washed three times with PBS, incubated with an Alexa Fluor ® -conjugated secondary antibody
(1:1000 in 1% BSA-PBS) for 1 h at RT (in dark). Cells were washed three times with PBS and incubated with DAPI solution (0.5 µg/ ml) for 5 min at RT (in dark). Cells were washed two times with PBS and once with distilled water. Coverslips were then mounted on glass slides (Knittel Glass, Germany) using fluorescent mounting medium (DAKO). Cells were imaged on a Nikon Eclipse E800 (Nikon) equipped with an AxioCam MRc5 (Zeiss) using Zeiss ZEN (blue) 2012 software. Images were exported in .TIFF format.
Western blot
Cells were washed twice with cold HBSS, and lysed with 1× RIPA buffer [(RIPA buffer 10× Cell Signaling) with 1% Protease inhibitor cocktail (Sigma), 1% sodium orthovanadate, 1% PMSF and 1 mM DTT]. Total protein was determined using the Bio-Rad DC-protein determination kit (Bio-Rad, Hercules CA, USA). Twenty micrograms of protein were loaded onto pre-cast 12% (bis-tris) polyacrylamide gels (Bio-Rad). Gels were run, and transferred to nitrocellulose membranes. After blocking in 5% milk, membranes were incubated with primary antibodies (Anti-TFRC 1:5000, Anti-GAPDH 1:20 000) overnight at 4°C. Membranes were washed three times 15 min in TBS-Tween (0.1%), and then incubated in HRP-conjugated secondary antibody (1:5000 in 5% milk) for 1 h at RT. Membranes were washed three times in TBS-Tween (0.1%) and once in TBS, and then incubated in ECL substrate and developed. Densitometry was performed using QuantityOne software (Bio-Rad).
Caspase-1 activity assay
Caspase-1 activity was measured using a caspase-1 activity kit (R&D) following the manufacturer's protocol.
ELISA
To determine the levels of bFGF and IL-8 levels in cell culture medium, culture medium was centrifuged for 10 min at 14 000 rpm (4°C) to remove all cellular debris and minerals, and supernatant removed. Levels of bFGF and IL-8 in the supernatant were determined using a Human FGF-basic ELISA MAX Deluxe kit (Biolegend) and a Human IL-8 ELISA kit (Sanquin), respectively, following the manufacturers´protocols.
Antibodies
Primary antibodies: rabbit polyclonal Anti-Transferrin Receptor C (Sino Biological corp., #11020-RP02), Rabbit polyclonal anti-GAPDH (Cell Signaling), rabbit polyclonal anti-Claudin-1 (Cell Signaling #4933). Secondary Antibodies: Alexa Fluor ® 488 conjugated anti-rabbit IgG (Life Technologies) and Peroxidaseconjugated anti-rabbit IgG (Vector Laboratories).
Statistical analysis
All statistical analyses for microarray and pathway analysis data are described above in their respective sections. For cell viability and QRT-PCR, data were analyzed by one-way analysis of variance (ANOVA) using the Student-Neuman-Keul's test to adjust 
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